
Table2 Reportedestimatesof global meteoriteaccretion rate

Accretion -ate

Methodusedin estimate (tonsyr~) Ref.

Magnetic spheruiesFrom Pacific 90 25
day.

in Greenlandice6
Al in Pacific sediments

<100,000
1.3 x 106

26
27

“Mn in Antarctic ice 100,000 18
Iron in particlescollectedfran, <90,000 28

stratosphere
Ni in Pacific sediments (1—2) x 106

400,000
29
30

Ir in Mn nodules 20,000
70,000

31
32

Ir in Paciflc sediments 110,000
78,000

9
23

Ir in Antarctic ice 400,000 19
Ir in Antarcticand Greenlandice 10,000—20,000 21
Er in SouthPole aero~ol 6,000—11,000 This work
Co in Antarctic atmospheth 600 23

He/~Heratio in pacific sediments 2.000 33
Satellite, visual and radio-meteor 16,000 22

studies

tonsyr~by using the Co concentrationin the South Polar
aerosol.This unusuallysmall flux estimateprobablyresultsfroth
assumptionsCunninghamand Zoller used to convertatmos-
phericmeteoriteconcentrationto aglobal flux value.Whenour
model is appliedto Co concentrationsreportedby Cunningham
andZoller, a flux valueof 26,000tonsyr1 is obtained.Temporal
variationsof Co at the South Polesuggestthat Co may havea
sourceother than crustal material and meteorites,probably

volcanic or anthropogenic5.Consequently,the accretion rate
.2 estimatedfrom Co concentrationsis an upperlimit ratherthan

true flux value.
Takahashiet aL” measuredtheJr concentrationin theAntarq-

tic snowas 3.1 x 10b6g perg snowandestimatedthe meteorite
flux as (10—20)x 10~tonsyC’, both of which agreewith our
estimates.Ganapath~also measuredthe Er concentrationin the
SouthPolarsnowlayers19,obtaininganestimatedflux of 100,000
tonsyr’. (He then multiplied this value by 4 to accountfor
uneven distribution of extraterrestrialmaterial on the Earth’s
urfaCe.)

Bibron etal!~measured“Mn activity in the Antarcticsnow.
The estimatedaccretionrate in this study was about 30,000
tonsyrt assuminga uniform flux, but waslater multiplied by
a factor of 3 to approximatetheglobal accretionrate.

Although ou~reportedflux value canbecomparedwith those
from other studiesof polar regions,comparisonwith accretion
rate valuesfrom oceanicsedimentsis difficult. Becauseof the
short samplingperiodin this work (1 yr), extraterrestrialprirti-
descollectedon ourfilters arefrom thesporadicflux of material
from solardust cloud. Particlesthat make up this background
flux arebelieved to -have massesbetween10_It and 1O~g (ref.
22). On the other hand,due to very slow accumulationrate,
sedimentsamplesused to estimatethe flux of extraterrestrial
material usually cover a time span of several million years.
Samplesthat integratesuch largetime intervals, in addition to
backgrounddust particles,also include fragmentationproducts
from largebodies.Extraterrestrialobjectslargerthan 106 g do
not frequentlyentertheearth’satmosphere,theimpactprobabil-
ity dcreasingwith increasingradius; however,overseveralmil-
lion years, the impact of objects as largeas 101 g has a finite

J~robabilitv* As thechemicalmethodsuseddo not discriminate
‘~ betweenbackgrounddustparticlesandfragmentationproducts

from large bodies,a significant fraction of the flux estimated
from sedimentsamplesmaybedueto suchlargebody impacts”.
Satellite, visual and radio-meteorstudies give a flux of back-
ground dust particlesof around 16,000tonsyr~(refs 22, 24).

Ourestimateof 6,000to 11,000tonsyr~for theparticlessmaller
106 g is in reasonableagreementwith thesestudies.

Due to relatively fast snow accumulationrate in the polar
regions (>10cmvC’), the time interval coveredby eachsnow
andice samplerarely exceeds100 years.Sincethe contribution
of large bodies is not significant for short time intervals, the
accretionrate estimatesfrom polarsamplesshould be smaller
than similar estimatesfrom oceanicsediments.
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Large quantities of non-methanehydrocarbons(NMHCs) are
emitted into theatmospherefrom vegetation”.A recent inveniory

~byLamb et ala indicatesthat theemissionof natural hydrocarbons
is significantcomparedto that of anthropogenicNMHCs in most
regionsof the United States.Becauseof their chemicalactivity,
the natural NMHCs can play important parts in the formation
of tracegases,such as ozone(03), peroxyacetylnitrate (PAN)
and oxygenatedsecondaryhydrocarbons~

1
,which contribute to

regional-scaleair pollution’ and may be harmful to crops and

luATURE VOL. 32’) 22 OCToBER 987 ~RSTONAThRE-

I. Lal. 0.. Peters. 3.in Ha,,dbuch Dee Pkr,ik Vol.46121 551—612 cd. FluCc. 5.1 (Springer.
Berlin. 19671.

I Cun~1O
5

h5~..W. C. & Zaller. W. H.]. Aerosol Sri 2. 367-3)1 (1951).
3. Maenhaut.W.. Zoller. W. I-I. & Cola. o. C. J. gr,pvsRn. 84, 2421—243I(1979).
4. Zoller, W. H.. Parringror,..1. a..Kotra. 3. H. P. Srrr,.ce222.Ills—I 121 (1953).
5. Tuner),C. chests.Univ. Maryland I 955).
& Parhin. 0. W. & lilIes. 0. Science 159. 936.946 I 968).
7. Fenner, F. 0. & Presley,0. 3. Nature 312. 260—253 1984).
S. Thylor.5. a. Geachim. cosmochim.Acto 28. 1272—1215 119721.
9. crotk~t.3. H. & Kuo. H. V. Ge,esim.crsmachu,s Acm 43.831.842 1979).

10. Boutron, c. & Loriun. c. Nature 277. 1-3 979).
I. Legrand,H. R. & Delmas. a. J. limos Enness IS. 1367—1874 984).

12. Kttrnai. M. ]. comas. Sri 33.833.84111976).
13. Turco.R.P..T

0
00.O.B..Harnrnil,P.&Wbittrn.R.C.J.Ecopkrs.ResSG.1113_1123(1981).

14. 5ulek MS. thesis. Univ. Maryland I 1979i.
IS. Thompson U C. & Thompson. E. H. Science212. 312—814 11981).

6. Mason, a. us ge,8. Sun’. &e;( Pap, ~0-8-I. 19711.
17. Brocas.J.&Piciocto. C. .0. grophvs. Rcs72.229.u36)1167),
IS. a)bron. a. a. eta!. Earth planer. Sri 21. 101—I1611974).
19. Oaaapathv,a. Science 220. 1151—1161 119)3).
20. Ucnalsu. NI. & Duct. a. A. Nature (in the press
21. Takahashi. H.. Yokoyoma. V., Fireman.C. L & Lohus. c. Lunar planes. Sri 9, 1131.1133

(‘979).
22. Huthes.0. ‘V. in cosmic Dust cd. NlcDonncl] 3.4. NI.) 123 )Wiiev, chichcstcr.1973).
23. Kvtc. F.T. & W

41
t
05

.3. 1. Science232. 1225 1986).
24. Gras.C.. Zook. H. A.. Fechtir, H. & Giese.a. H. icons 62.244 19821.
25. ~,Isrrcl. NI. T.. Davi,, P Niihisumi. K. & \lillard. H. T. Geochie,t cosmsri,im. Ac,o 44.

2067—2074 3910).
26. McGorkrll, a.. Fireman. E. L. & Lan~say,C. C. Science156. I690— ‘692(8967).
27. Mulsiak. V. I. Kosmakicim. Mesroid. 6,6 Water. Var,. Scmp. 64—72 119821.
35. Shedlowoky,3. P.& Paisley,5. Tell),, 3. 499—503 I 9461.
29’ Paccerson.H. & Roatchi. H. Gesehim. cosmschim. Icon 2.81.90 (952).
30. Bonner. F. T. & Laurenco.A. 5. Nature 207. 933—935 11965k.
3’, HaMs, 6. C.. Crockett.!.H, & Stainton NI. Geochin,.rsrmorhinc.-Sets32.1041—1056)1968).
31 a,rker.3. U. & Andcrs.C. Georhim. cacmoclum.Acm 32.627.645(1963).
33. Ozirna.H.. Tagayanazi.NI. & Zanhu.5. Nature 313.443—45011964).



- :.: ‘ _______________________________________ LEFTERSTONATURE NA1Vfl VOL 32922 OCTOBER 19S7fore’st7’9. The impact of natural hydrocarbonson the formation
of 03 in the atmospherehas beendiscussedpreviously~’3.In
general,it hasbeenconcludedthattheir impact is small’~’.But
lackof dataon the ambientconcentrationsof key photochemical
speciesand an incompleteanalysis of the photochemistryhas
preventedadefinitive evaluationof the impactof naturalNMHCs
on rural 03. Here we report on concentrationsof key tracegases
measuredconcurrentlyat a rural site in the easternUSA during
thesummerof 1986 anda modelling study conductedto analyse
these measurements.This study demonstratesthat natural
NMHCs canhaveasignificantimpact onozoneformationin rural
air.

The field measurementswere carriedout at Scotia,Pennsyl-
vania.The site is locatedin a forestpreserve10km ‘vest of State
Colle2e, remote from the influence of direct anthropogenic
emissions.Thesite is a monitoring stationof the NationalAcid
PrecipitationAssessmentProgram(NAPAP) with well-charac-
terized meteorology.Trace gasesmeasuredat the site include
NO, NO-, HNO7, PAN, N0~(the sumof the reactivenitrogen
species17),0,, N0~,S0~,individual NC up to C,0 including
the terpenesandisoprene,CH2O and CHJCHO.

Ozoneshowsa characteristicdiurnalcycle at thesite (Fig. 1).
At night 05 is suppresseddueto surfacedepositionin ashallow
inversion layer. In the morning hoursO~increasesfollowing
thebreakupof the nocturnalinversionlayer as air from above
is mixed downward.During the day 0$ also increasesdue to
photochemicalformation.The highest0~concentrationsat the
site areobservedunderhigh.pressureconditionsassociatedwith
low surfacewinds, high temperaturesandpredominantlyclear
skies.Thesehigh-pressuresystemscan persistfor severaldays,
allowing theaccumulationof photochemicallyactivetracecom-
poundsandthe formationof secondaryproducts.Accordingly,
high-03 concentrations are frequently observed over large
regiodsduring theseperiods’6-’9.

In particular,during 4—7 July 1986, centralPennsylvaniawas
at the northern edgeof a stagnanthigh-pressuresystem ove~
theeasternUSA. Toe03 concentrationobservedat Scotiaduring
this 4-day period peaked at 110 p.p.b.v. Figure 2 shows the
daytimeaveragehydrocarbonmixing ratiosobservedat thesite;
thenaturalNM}-IC isoprenewasthe predominanthydrocarbon.
Isopreneconcentrationswere low in the morning hours and
increasedthroughout the day as the temperatureincreased,
consistentwith the expectedtemperaturedependericeof the
emission rate°.Furthermore,the averageisopreneconcentra-
tion increasedduringthe4-dayperiodasdid theaveragedaytime
temperature.The anthropogenicNMHCs (sum of C3—C10HC)
observedduring this periodweremainly alkanes,with propane,
butanes and pentanescontributing 60% by mass to the C3—
C10 HC. The concentrationsof more reactive anthropogenic
NMNCs were low. For example,the concentrationof ethene
was 0.23 pg m4, while the propene concentration was
<0.1 p.9 m~.The high contribution of the less reactive light
alkanesto thetotal burdenof anthropogenicNMHCs is charac-
teristic for a rural site”.

To simulate this event a fine-resolution, one-dimensional
planetaryboundarylayer (PEE)model developedby Traineret
a!.— that includesisoprenephotochemistrywasusedto evaluate
the effect of naturalNMHC5 on the formation of rural ozone.
The fine-heightresolutionis neededto model this event.Because
the vertical mixing near the surfaceis slow and the photo-
chemical destructionof the very reactive natural NMHCs is
fast, the mixing ratios of the naturalNMHCs decreasethpidly
with altitude3.

In the model calculationsthe temperaturedependenceof the
isopreneemissionratewasdescribedaccordingto measurenients
by Lamb eraL°at a forestsite in easternPennsylvania.For the
height at which the sampleswere taken (Sm) the maximum
isopreneconc&ntrationpredictedby the model is 5 p.p.b.v. or
15 p.g m, which is typical of the observedvalues.

The emission rate for NO, was chosen to reproducethe
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Fig. I Average diurnal ozone mixing ratio at Scotia, Pennsyl-
vania, for 25 June—26July 1986 (circles) andfor times when the
surfacepressurewas largerthan theaveragepressureof 970 mbar
(open triangles).The samplingheight was Sm abovetheground.

observeddiurnal patternbf NO.,. During the4-dayperiod. NO,
showed a sharp peak in the morning that lasted 1-2h and
coincided with the breakup of the nocturnal inversion layer
(Fig. 3). The NO5 concentrations during the day were
—1 p.p.b.v.As thereare no appreciablelocal NO, sources,the
NO4 is probablyiraos~ortedto the site from distant sources.
To simulatethis phenomenaa continuous NO,, emission rate
wasassumedfor theheight rangefrom 200 to 800 nfl. The exact
rangeis not important provided that it is abovethenocturnal
inversion layer.During thenight-timetheverticalmixing is slow
andNO, accumulatesin this emissionlayer.Thesurface,where
thenieosuremeiitsaretaken,is isolatedfrom theair aloft during ~

the night by the shallowinversionlayer. In the morning, whenb
the inversionbreaksup, downwardmixing of NO, leadsto the
sharpearly morning rise in the near-surfaceNO, mixing ratio.
The subsequentdecline in NO4 is due to dilution as the PBE
height increasesduring the daytimeanddue to photochemical
conversionof NO, to PAN and HNO3.

The rate of the NO, emission, chosen to reproduce the
observeddiurnal variation, is 4x lois m

5
l, This value agrees

with the averageNO4 emission race estimated for western
Pennsylvania4.The emission rates of the anthropogenic
NMHCs were chosento reproducethe concentrationsobserved
at the site. The ratio of the anthropogenicNMHCs to NO,,
emissionrates(byvolume)was 1.2 with thefollowing partition-
ing: C,H6,38%; C3H5,25%; Cafts,6%;C3H6, 6%. Butanewas
takenasthe surrogatefor the C4—C,0 hydrocarbons.
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hg. 3 a, Observedvariation of theNO, mixing ratio at Scotia
for 4—7 July; 1986; 6, thevariationof theNO5 mixingratio during
a4-day periodas calculatedby themodelfor theemissionmodel

describedin thetext.

Figure 4a showsthe predictedozonevariation for a 4-day
periodata height of 5 m for the NO4 emissionrate and three
models: only CO and CH4, with isoprene, and with~$anthropogenicNMHCs.Themodel that includesall thehydro-

.,~.. carbonemissionssimulatesthe observedpeakozoneconcentra-
tions well exceptfor 7 July. The declinein 03 observedon 7
July mayindicatean approachingcold front andchangeof air
massesat the site. This effect needsto be investigatedin more
detail. If no hydrocarbonsareemitted and only CO andCl-I4oxidation are consideredin the model (Fig. 4a, curve 1), the
daytimemaximumozonevaluesare—55 p.p.b.v. Whenisoprene
emissionis added(Fig. 4a, curve2), the concentrationsof HO2andorganicperoxyradicalsaresubstantiallyincreased,resulting
in a strongbuild-up of ozoneduring the 4-day period. In this
contextwe notethat carbonylcompoundssuchasmethylvinylk-
etone,methacroleinandformaldehydearemajorintermediates
in the productionof HO, and organicperoxy radicals from
isoprene.Theseintermediatesand other byproductssuch as
PAN, H,O, andorganic peroxidesare increasedsubstantially
due to the oxidation of isoprene22.If there is an efficient
heterogeneousremovalof theseintermediates,thebuild-up of
peroxyradicalsandthusozonewould besignificantly curtailed.

Additional inclusionof theemissionof anthropogenichydro-
carbons(Fig. 4a,curve3) showsonly asmalladditional increase
in theozoneproductionin theseconditions.The systemis in a
stronglynonlinearregimewhereanincreaseof thehydrocarbon
emissionrate doesnot leadto a correspondingincreasein the
ozoneproductionrate.Consequently,the model evaluationof
theimpactof naturalNMHCs dependson the waythe question
is poseth.For example,in a calculationthat includesfirst the
emission of anthropogenicNMHCs and then the addition of
isoprene,most of the ozone increase (—70%) is due to
anthropogenicNMHCs. Manypreviousstudiesthat considered

-. only this modelmayhavethereforeunderestimatedthecontribu-
(~tionof natural NMHCs to rural ozoneformation.
&~ The comparisonof model predictionand observationindi-

cates that the oxidation of NO,, which is mainly of
anthropogenicorigin, in the presenceof naturally emitted
isoprene,at levelsobservedat this rural site, can leadto high
ozoneconcentrationsduring a stagnanthigh-pressureperiod.
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Fig. 4 a, Model-calculatedvariationof the03 mixingratio during
a 4-day period for the following models: I, CC, CH4 oxidation
only; 2, additional isopreneemission;3, additionaliscpreneand
anthro~ogenicNMHC Emission. 6, Observedvariationof the 03

mixing ratio at Scotia,4—7 July 1986.

If high ozone in rural areasis of concern, a reductionof the
emission of anthropogenichydrocarbonswill probabh’‘not
reducetheozoneformationsubstantiallyin ruralair. Consider-
ation hasto be given to a reductionof the anthropogenicNO5emissions.

Finally it is interesting to note that, in the absenceof
anthropogenicNO4 emissions,isoprene contributeslittle to
ozone formation. Model calculationsthat assumeonly a bio-
genic surfaceemission of NO, with a flux of 2x 10” m” s’
(ref. 25) indicatethat isoprenehaslittle effecton theproduction
of ozoneand even can lead to a slight reductionin 03. The
conversionof NO5 to PAN andpossiblyother organicnitrates
in the photo-oxidation of isoprene plays a critical part in
moderatingthe PBL photochemistzj6.

This researchhas beenfunded as part of NAPAP by the
NationalOceanicandAtmosphericAdministration.
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